Objective: To investigate whether altering energy intake as red meat protein or carbohydrate modifies chylomicron homeostasis and postprandial lipaemia. Design: Randomized single-blind dietary intervention trial. Setting: School of Public Health, Division of Health Science, Curtin University, Perth, Western Australia. Subjects: A total of 20 moderately hypertriglyceridaemic but otherwise healthy subjects were recruited and completed the study. Intervention: Participants consumed an isocaloric weight maintenance diet low in protein (14, 53 and 30% of energy as protein, carbohydrate and fat, respectively) or high in protein (25, 35 and 30% energy as protein, carbohydrate and fat) for a period of 6 weeks. Fasting plasma lipids and postprandial lipoprotein studies (triglyceride and apolipoprotein B48) following an oral fat challenge were carried out at the start and conclusion of the dietary intervention period. Results: Consumption of the low-or high-protein diet had no significant effect on fasting plasma or postprandial lipaemia, the latter determined as the incremental area under the triglyceride curve following a fat challenge. However, subjects who consumed a low-protein diet for 6 weeks had a substantially exaggerated postprandial chylomicron response, indicated as the area under the apo B48 curve following a fat challenge. The change in postprandial chylomicron kinetics could not be explained by changes in insulin sensitivity, which appeared to be similar before and after intervention with either diet. Conclusions: Daily moderate consumption of a lean red meat protein-enriched diet attenuates postprandial chylomicronaemia in response to ingestion of a fatty meal. Sponsorship: Meat and Livestock, Australia.
Introduction
Postprandial dyslipidaemia and raised chylomicron remnant lipoprotein levels have been found to be associated with endothelial dysfunction (Lundman et al, 1997; Vogel et al, 1997; Kugiyama et al, 1998) , an early indicator of atherogenesis (Celermajer et al, 1992) . Chylomicron remnants have been implicated in the progression of atherosclerosis (Karpe et al, 1994; Mamo, 1995; Weintraub et al, 1996) , with elevated fasting remnant lipoprotein levels shown to independently predict clinical events in coronary artery disease patients (Kugiyama et al, 1999) . Chylomicron remnants are reported to stimulate expression of proatherothrombotic molecules in endothelial cells (Doi et al, 2000) and may in part be responsible for the accumulation of cholesterol within the subendothelial space (Proctor & Mamo, 1998; Proctor et al, 2002) . Hence, the prevention and treatment of atherosclerosis merits interventions targeted at regulating postprandial dyslipidaemia and, particularly, the clearance from blood of the remnant form of chylomicrons (Cohn, 1998) .
Chylomicrons are synthesized continuously in the intestinal epithelia and enter circulation following the ingestion of fat as triglyceride-enriched particles. Each chylomicron contains significant quantities of cholesterol estimated to be 40 times more than that for low-density lipoproteins (LDL) (Fielding, 1992) . Following hydrolyses by lipoprotein lipase, the triglyceride depleted remnants are cleared rapidly, primarily via the LDL receptor (Havel, 1995) . Chylomicron remnants are small enough to penetrate arterial tissue via nonspecific transcytotic processes and may become entrapped at focal points because of significant affinity with arterial proteoglycans (Weintraub et al, 1996; Hurt-Camejo et al, 1997; Proctor & Mamo, 1998; Flood et al, 2002; Proctor et al, 2002) . The extracellular retention of chylomicron remnants within the subendothelial space can trigger an inflammatory cascade and exert marked effects on endothelial function.
Habitual dietary patterns, in particular macronutrient composition, may increase the plasma residency time of some proatherogenic lipoproteins including chylomicrons and accentuate cardiovascular disease risk. Diets rich in carbohydrates tend to raise plasma triglyceride as a consequence of endocrine-dependent stimulation of lipogenic pathways, which lead to the overproduction of very LDL from the liver (Blades & Garg, 1995; Chen et al, 1995; Kiens & Richter, 1996; Abbasi et al, 2000; Baum & Brown, 2000) . Thereafter, competition for clearance pathways with chylomicron remnants could result in exaggerated chylomicronemia in the postabsorptive state. In contrast, limited studies in dyslipidaemic subjects suggest that high-protein diets confer cardio-protection by reducing the plasma concentration of cholesterol and triglyceride (Kiens & Richter, 1996; Baum & Brown, 2000) . However, interpretation of the putative effects of proteinrich diets is confounded because subjects lost weight during the dietary intervention phase Layman et al, 2003) . Rather, improvements in lipid/lipoprotein homeostasis concurrent with weight reduction may reflect improvements in insulin sensitivity, a hormone critical in the regulation of lipid metabolism, and may be independent of dietary protein. Insulin suppresses the secretion of hepatic lipoproteins and extra-hepatic release of triglyceride, while stimulating the activity of lipoprotein lipase in adipose tissue and expression of receptors known to be pivotal to the clearance of remnant lipoproteins (Chait et al, 1979; Spooner et al, 1979; Wade et al, 1988) .
To further delineate the putative effects of dietary protein and carbohydrate on chylomicron kinetics, we have investigated the postprandial lipaemic (triglyceride) response and chylomicron kinetics (apolipoprotein B48) in moderately hypertriglyceridaemic subjects randomized to consume a weight maintenance low-protein diet, or an equivalent lean red meat-based protein-enriched diet.
Subject and methods

Subjects
In total, 20 moderately dyslipidaemic subjects successfully completed the study within the inclusion/exclusion criteria indicated. At screening, subjects were measured for plasma cholesterol levels of o6.5 mmol/l and plasma triglyceride levels of 41.3 mmol/l. All subjects who met the inclusion criteria underwent a medical examination. Exclusion criteria included hormone therapy, lipid-lowering medication, use of steroids and other agents that may influence lipid metabolism, warfarin, smoking, consumption of 42 standard alcoholic drinks per day, hypothyroidism, diabetes mellitus, proteinuria, cardiovascular events within last 6 months, major systemic diseases, malabsorption syndrome and gastrointestinal surgery, liver and renal failure, apolipoprotein E2/E2 homozygosity and highly active subjects. All procedures were approved by the Human Research Ethics Committee of Curtin University.
Experimental protocol
The study was a parallel design with subjects randomized to consume for 6 weeks, a diet relatively low in protein (14% of total energy intake) or enriched with protein (25%) derived from lean red beef, veal and lamb. The subjects and clinical dietitian were not blinded to interventions; however, the investigators were blinded until completion of data collection. Energy intake during the intervention phase was matched for each subject to their habitual intake, which was determined by 3-day weighed dietary records. The 3-day dietary records were maintained during the intervention phase to monitor compliance. Subjects attended the clinic weekly and had dietary assessment and counselling by a dietitian for weight and dietary compliance with the aim to keep weight within 72 kg. In addition, participants were asked to maintain their habitual level of exercise and to avoid moderate intensity physical activity for at least 3 days prior to postprandial study days.
Postprandial lipoprotein assessment
The postprandial response to an oral fat challenge was carried out at point of entry and at the conclusion of the dietary intervention period (ie at 6 weeks). Subjects fasted for 14 h prior to the start of their postprandial lipoprotein assessment days. On the day preceding the study day, subjects abstained from alcohol and their evening meal was low in fat (o20 g fat). Upon arrival, the subjects were weighed prior to insertion of a Teflon catheter into the antecubital vein. Subjects remained in a semirecumbent position during the study, were allowed bathroom access and were provided with water at all times.
Fasting blood samples were collected prior to the subjects consuming a high-fat mixed meal consisting of 100 g dairy cream (37% fat), 150 g dairy milk (containing 1% fat), 30 g skim milk powder and 100 g of a corn and wheat-based cereal (Uncle Tobys Sports Plust -containing 10.4% protein, 2.9% fat, 68.5% carbohydrate including 22.9 g as simple sugars and 9.5 g of dietary fibre). After the meal, venous blood samples were collected at two hourly intervals for a period of 8 h. Blood samples were collected in vacuum tubes containing K 3 EDTA or clotting activators for isolation of plasma and serum, respectively. After clotting or storage at 41C, blood was centrifuged at approximately 2000 Â g for 10 min. Aliquots of plasma and sera were collected and either assayed immediately or stored at À801C for subsequent analysis.
Apo B48 was quantitated using a Western blotting/ enhanced chemiluminescence procedure as previously described (James et al, 2003) , but with the modification that levels were determined directly from plasma. Plasma samples were prepared and loaded onto Tris-acetate (3-8%) precast gels and submitted to electrophoresis according to the manufacturer's instructions (Invitrogen, Mount Waverly, Australia). Following separation by electrophoresis, plasma proteins were electrophoretically transferred onto PVDF membranes (Millipore, North Ryde, Australia). After blocking unbound sites, the membranes were incubated with an anti-human apo B antibody (raised in rabbit (DAKO A/S Denmark)). Visualization of the antigen-antibody complex was then achieved following incubation with an anti-rabbit IgG (HRP conjugated) antibody (Amersham, Little Chalfont, UK) and enhanced chemiluminescence reagent (Amersham, Little Chalfont, UK), according to the manufacturer's guidelines. Membranes were exposed to blue-light film (Amersham, Little Chalfont, UK) and developed in an AGFA CP1000 X-Ray Developer (AGFA, Nunawading, Australia). Apo B48 bands were identified and quantitated by densitometry against purified apo B48 protein of known mass using NIH Image (version 1.6.3). The mean intra-and interassay coefficients of variance for apo B48 were each less than 4%.
Postprandial metabolism was quantified by calculating the incremental AUC (IAUC, calculated by the trapezoid rule), which was estimated as the difference between the area defined below the baseline concentration and the area under the plasma curve between 0 and 8 h. The IAUC represents the increase in area after the response of the fat load above fasting concentrations.
Lipids, insulin and glucose assays Plasma triglyceride and cholesterol were determined by enzymatic colorimetric kits (Thermo Trace, Noble Park, Victoria, Australia) as per the manufacturer's instructions. Glucose levels were determined by Gluco-quant assay (Roche Diagnostics, Mannheim, Germany) based on the hexokinase method. Insulin levels were quantified using an insulin ELISA kit (DakoCytomation, Ely, UK). Estimation of the subjects state of insulin sensitivity was by calculation of a HOMA score as described by Matthews et al (1985) .
Statistical analysis
Statistical analysis was by parametric methods using SPSS 11 for Macintosh OS X (SPSS Inc., Chicago, IL, USA). Comparison of baseline characteristics between each group was carried out by Student's t-test and within group comparisons by paired t-test.
Results
The baseline anthropometric and haemodynamic characteristics of the subjects in each dietary group are shown in Table 1 . Apart from the HP (high protein) group being on average 12 y older, the LP (low protein) and HP groups were otherwise well matched. There were no significant differences in the plasma concentration of triglyceride, total cholesterol, high-density lipoprotein (HDL) cholesterol, LDL cholesterol, glucose, insulin or in the HOMA score at the start of study. The subjects were moderately hypertriglyceridaemic. A comparison between the two groups prior to dietary intervention found that the postprandial lipaemic response and chylomicron kinetics depicted as triglyceride IAUC and apo B48 IAUC , respectively, were not different at the point of entry.
The habitual dietary intake of the two groups was found to be similar prior to randomization (data not shown). Thereafter, both the low-and high-protein dietary regimes were well tolerated. Compliance was excellent and summary intake at 6 weeks indicated that target levels of energy intake as protein, carbohydrate and fat were achieved (Figure 1 ). There was a significant difference between energy intake as protein and carbohydrate between the LP and HP groups, but no difference in energy intake as fat or alcohol. We also found that average daily cholesterol intake was significantly greater in the HP group compared to the LP group (245732 mg/day low-protein group vs 378741 mg/day highprotein group).
Following compliance to either a LP or HP diet for 6 weeks, subjects maintained their body weight and BMI (Table 1) . We found that neither diet significantly influenced the fasting plasma lipids nor insulin sensitivity reported as HOMA. Postprandial lipaemia determined as the incremental area under the triglyceride curve (IAUC TG ) was also not different between the LP and HP groups (Table 1) . However, there were significant differences in chylomicron kinetics, indicated as apo B48 (Figure 2) . The incremental area under the apo B48 curve was approximately 85% greater following consumption of the LP diet (Table 1; 22.873.7 vs 42.2710.0), whereas no change was observed within the HP group (Figure 2 and Table 1 ).
Discussion
The results of this study demonstrate that changing the protein/carbohydate macronutrient composition of the habitual diets of moderately hypertriglyceridaemic subjects can significantly influence chylomicron metabolism.
In the absence of significant changes in weight or body composition, we found that a diet with 14% of energy intake as protein had exaggerated chylomicronaemia (apo B48) in response to a high-fat mixed meal, compared to the response in subjects who had consumed 24% of their energy requirements as protein derived from lean red meats (beef, veal and lamb) . Changes in chylomicron response were not a consequence of difference in energy intake as fat, which was effectively clamped in the two groups at approximately 30% of total energy intake, but rather, a reflection of compensatory shifts in energy intake from protein to carbohydrate. Interestingly, the changes in chylomicron lipoprotein kinetics (IAUC B48 ) occurred in the absence of a significant effect on fasting plasma lipids or postprandial lipaemia (IAUC TG response) sometimes reported with carbohydrate-enriched (Blades & Garg, 1995; Chen et al, 1995; Kiens & Richter, 1996; Abbasi et al, 2000; Baum & Brown, 2000) diets and appeared to be independent of changes in insulin sensitivity, a hormone that may be critical in the metabolism of chylomicrons.
Carbohydrate-rich diets may exacerbate cardiovascular disease risk in some subjects because they stimulate lipogenesis and hepatic secretion of triglyceride-rich very LDL (Blades & Garg, 1995; Abbasi et al, 2000) . Triglyceride is an independent cardiovascular risk factor and VLDL is also the precursor of LDL (Austin, 2000) . Carbohydrate-enriched diets have also been shown to promote the direct secretion of small dense LDL (Tervahauta et al, 1993; Austin, 2000) . Small dense LDL are considered more atherogenic than their larger phenotype. However, in this study we found that the low-protein/carbohydrate-enriched diet consumed for 6 weeks in moderately hypertriglyceridaemic and overweight individuals did not negatively influence fasting plasma lipids or lipoprotein concentration.
In recent times, low-carbohydrate/high-protein diets have been increasingly advocated for weight loss and in this context might be considered cardio-protective. However, increased protein intake in lieu of carbohydrates could paradoxically lead to increased intake of both fat and cholesterol, particularly if the protein is derived from meat products. There is some evidence to suggest that proteinenriched diets improve plasma lipids Layman et al, 2003) , although these claims have been made with interventions that resulted in a concomitant reduction in weight, a significant confounder of plasma lipid and lipoprotein homeostasis.
Well-tolerated, hypocaloric diets moderately enriched in lean red meat protein have been shown to be as effective as high-carbohydrate/low-fat hypocaloric diets in achieving weight loss and in some instances improving some cardiovascular risk parameters Halton & Hu, 2004) . Moreover, there are presently no reports as to the effects of protein relative to carbohydrates on chylomicron homeostasis. Elevated concentration of chylomicrons (ie apo B48, or RLP-cholesterol) and postprandial dyslipidemia is a common feature of subjects with or at risk of coronary artery disease and may contribute to endothelial dysfunction (Karpe et al, 1994; Mamo, 1995; Lundman et al, 1997; Vogel et al, 1997; Cohn, 1998; Kugiyama et al, 1998) . There is also an increasing body of literature that suggests that the arterial entrapment of cholesterol-rich chylomicron remnants, generated postlipolysis, is an initiating event of Figure 1 Mean energy intake as protein, carbohydrate, fats and alcohol in two groups of moderately hypertriglyceridaemic subjects following dietary intervention for 6 weeks on either a low-protein (lightly shaded bars) or protein-enriched diet (dark shaded bars). Protein intake was significantly different between the two groups, with compensatory adjustments in carbohydrate. Fat and alcohol intake were similar for both groups of subjects.
early atherogenesis (Proctor & Mamo, 1998; Proctor et al, 2002; Pal et al, 2003) . In this study we set targets for macronutrient intake that we felt would be well tolerated and easily achieved within the context of otherwise free-living individuals. Both the low-and high-protein groups complied well, which is not surprising given that the diets were isocalorically matched with their habitual levels of intake. However, the highprotein group reported a greater level of satiety than the lowprotein group, which would be positive in the context of reducing total energy intake.
The lean red meat in this study was provided prepacked to the participants to ensure that fat intake was not surreptitiously increased. We found that cholesterol intake was significantly greater in subjects on the high-protein diet; however, this did not adversely affect fasting plasma lipids nor lipoprotein concentrations, which were similar to the low-protein group. However, we cannot exclude the possibility that consumption of the high-protein diet for longer periods adversely affects plasma cholesterol homeostasis and by inference, cardiovascular disease risk. However, it is likely that in free-living individuals, cholesterol intake would be lower due to the increased level of satiety conferred by the diet.
In contrast to previous reports that did not control for weight loss, we found no evidence that a protein-enhanced diet positively influenced the fasting concentration of plasma lipids and lipoproteins (Spooner et al, 1979; Parker et al, 2002) . Weight loss may have been a confounder in previous studies, or alternatively, it is possible that the putative effects of protein become evident with bigger shifts in macronutrient composition or following a longer duration of intervention.
The low-protein diet did not exacerbate hypertriglyceridaemia, which is noteworthy given that the subjects in this study showed some degree of insulin insensitivity. Postprandial lipaemia, indicated by the incremental IAUC TG in response to a fat challenge, also did not change. The latter is a useful surrogate marker of aberrations in chylomicron metabolism, but tells us little of arterial exposure to chylomicrons per se, because triglyceride kinetics is primarily a reflection of the lipolytic cascade, not particle clearance.
Apo B48 is an obligatory component of chylomicrons and an exclusive marker of these particles (Redgrave, 1969) . The apo B48 postprandial excursion is usually elevated in subjects with or at risk of coronary artery disease, consistent with a causal role in the aetiology of atherosclerosis. We Mean postprandial triglyceride and apolipoprotein B48 response in moderately hypertriglyceridemic subjects before and after randomization to a diet low in protein (LP) or enriched in protein (HP). The area under the curve is determined following adjustment for the fasting concentration of triglyceride and apolipoprotein (apo) B48 (see Table 1 ).
Low-protein diet and postprandial chylomicron concentration JCL Mamo et al found in this study that chronically shifting energy intake from protein to carbohydrate exacerbated the incremental area under the apo B48 curve in response to an oral fat challenge. It is our contention that greater plasma residency of chylomicrons and their remnants will increase coronary disease risk because it increases the likelihood of arterial interaction and exacerbates endothelial dysfunction.
In conclusion, the findings of this study suggest that a modest shift in energy intake from carbohydrates to protein as lean red meat will not adversely affect coronary artery disease risk and in fact may improve it in hypertriglyceridaemic individuals.
